To evaluate the relative efficacy of programmed cell death 1 (PD-1) or programmed cell death ligand 1 (PD-L1) inhibitors versus conventional drugs in patients with cancer that were PD-L1 positive and PD-L1 negative.
Introduction
The immune suppression and evasion of malignant cancer cells is known as one of the hallmarks of cancer. 1 A series of co-inhibitory and co-stimulatory receptors and their ligands, known as immune checkpoints, control this process. Among them, programmed cell death 1 (PD-1) and programmed cell death ligand 1 (PD-L1) axis stands out as a valuable therapeutic target because it not only plays a key role in physiological immune homoeostasis, but also appears to be a means through which cancer cells evade the immune system. 2 The development and application of antibodies targeting PD-1 (nivolumab and pembrolizumab) and PD-L1 (atezolizumab, avelumab, and durvalumab) have advanced the treatment of cancer. 3 Currently, PD-1 or PD-L1 inhibitors are being investigated in more than 1000 clinical trials and are licensed to treat a variety of cancers. 2 3 The introduction of PD-1 or PD-L1 inhibitors into clinical practice has had a revolutionary effect on cancer treatment, but consistent responses and favourable long-term outcomes are only observed in a fraction of patients. 4 Moreover, immunotherapy is associated with several immune-related adverse events, 5 and has an estimated cost of more than £234 000 (€258 000; $300 000) per quality adjusted life year. 6 Accordingly, identifying the optimal biomarkers that can predict the benefit of PD-1 or PD-L1 inhibitors is important in selecting the appropriate subjects for immunotherapies. Currently, direct evaluation of PD-L1 expression is treated as biologically plausible and the best available biomarker in predicting the tumour response and survival prognosis. 7 Numerous studies have consistently shown longer overall survival and better tolerability of PD-1 or PD-L1 inhibitors compared with conventional therapy in patients that are PD-L1 positive. [8] [9] [10] [11] [12] [13] [14] [15] [16] Considering the fundamental nature of these checkpoint inhibitors, it seems logical that PD-L1 expression should be correlated with clinical outcomes. However, a non-negligible number of exceptions are observed in clinical practice. Tumour doi: 10.1136/bmj.k3529 | BMJ 2018;362:k3529 | the bmj responses have been reported in 0% to 17% of patients with low or undetectable PD-L1 expression. 17 In some trials, 8 10 18 even favourable long-term outcomes can be achieved in patients that are PD-L1 negative. Accordingly, the predictive and prognostic roles of PD-L1 status remain undetermined. In fact, PD-L1 expression status has not been approved in patient selection, although complementary PD-L1 test methods have been accepted by United States Food and Drug Administration. 19 Currently, no studies explore the association between the efficacy of PD-1 or PD-L1 inhibitors and PD-L1 expression status. A pooled analysis of available trials restricted to patients that were PD-L1 positive and PD-L1 negative may provide critical and clinically useful information with respect to anti-PD-1 or anti-PD-L1 treatment. Here, with recently accumulated evidence, we conduct a meta-analysis to evaluate the relative efficacy of PD-1 or PD-L1 inhibitors in both patients with cancer that were PD-L1 positive and PD-L1 negative.
Methods
This study was conducted in compliance with the recommendations of the Cochrane Handbook for Systematic Reviews of Interventions and reported based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement guidelines. 20 
literature search and study selection
We conducted a comprehensive systematic search of PubMed, Embase, and Cochrane databases from inception to March 2018 with no language restrictions. Given that recent studies might be unpublished, additional electronic searches were performed through two major international congresses' proceedings (American Society of Clinical Oncology Annual Meeting and European Society of Medical Oncology). The main keywords used were: avelumab, atezolizumab, durvalumab, pembrolizumab, nivolumab, checkpoint inhibitors, PD-1, PD-L1, and randomised controlled trial (see supplementary materials, search strategies).
Both exclusion and inclusion criteria were prespecified. To be eligible, randomised controlled trials had to meet several criteria. Firstly, population: the PD-L1 status of the included patients (aged >18) were examined. The threshold for PD-L1 positivity or negativity was that PD-L1 stained cells accounted for 1% of tumour cells, or tumour and immune cells, assayed by immunohistochemistry staining methods. Secondly, intervention: treated with PD-1 or PD-L1 inhibitors (avelumab, atezolizumab, durvalumab, pembrolizumab, and nivolumab) irrespective of dosage and duration. Thirdly, main outcome: the primary outcome was overall survival measured as hazard ratios according to the positivity or negativity of PD-L1 expression.
Studies were excluded if they were retrospective or prospective observational cohort studies. In addition, phase I and non-randomised phase II studies were excluded. Other publications on the topic were also removed if they were review articles, basic science papers, commentaries, conference abstracts, quality of life studies, editorials, cost effectiveness analyses, early versions of data later published, and articles in which the effect of the drug could not be ascertained (eg, when the control was a different dose of the same drug). Moreover, the reference lists of all trials fulfilling the eligibility criteria were also examined for any relevant studies missed by initial searches. When the same clinical trial appeared in multiple articles, or cases were mixed between different publications, the most recent, or most complete reporting study, or both, were included. Discrepancies were settled by discussion and consensus. All the included trials represented unique studies. 
Data extraction and risk of bias assessment
The key exposure variable was the intervention of PD-1 or PD-L1 inhibitors. In six trials, conventional chemotherapy served as the control. In two studies, namely KEYNOTE-006 and CheckMate 025, 10 13 ipilimumab and everolimus served as the control drugs. Randomised treatment allocation sequences were generated in all studies, however, randomisation stratified by PD-L1 expression was only conducted in KEYNOTE-006, 13 OAK, 15 and POPLAR. 16 Data extraction was carried out using a standardised data collection form. We extracted the reported hazard ratios for overall survival from eligible trials. The following clinicopathological characteristics for each study were recorded: the name of study, trial phase, line of treatment, underlying malignancy, PD-1 or PD-L1 inhibitors, the antibody clones, assay developers for PD-L1 detection, randomisation stratified by PD-L1 expression, number of patients who were PD-L1 negative or positive, median follow-up time, and hazard ratio for overall survival according to the positivity or negativity of PD-L1 (see table 1 ). We also extracted the inclusion or exclusion criteria for patient selection, previous treatments administrated, the experimental treatment regimen, and the total number of patients recruited in each study (see table 2 ).
The Cochrane Risk of Bias Tool was applied to evaluate the risk of bias. 21 We examined every trial and scored it as high, low, or unclear risk of bias to the following criteria: random sequence generation; allocation concealment; blinding of participants and personnel to the study protocol; blinding of outcome assessment; 
statistical analysis
The primary endpoint was the overall survival in patients that were PD-L1 positive and PD-L1 negative, measured by hazard ratios. Accordingly, we derived the hazard ratios for death and their 95% confidence intervals from each study, separately for patients that were PD-L1 positive and PD-L1 negative. We assessed statistical heterogeneity between different trials and subgroups with the Cochrane's Q statistic. We calculated the I 2 to assess the extent of inconsistency contributable to the heterogeneity across the different studies. 22 The assumption of homogeneity was considered invalid for I 2 >25% and P<0.10. In the present study, the pooled hazard ratios of death were calculated using the fixed effects models because no significant heterogeneities were observed in all the conducted analysis. The heterogeneity of efficacy between patients that were PD-L1 positive and PD-L1 negative was assessed by an interaction test and expressed as P for interaction. Subgroup analysis was conducted to explore the variation of the effect of PD-L1 expression on the immunotherapy efficacy. The selected subgroups were interventional agent, cancer type, randomisation stratified by PD-L1 expression, type of immunohistochemical scoring method, target of the interventional agent, type of control group, and median follow-up time.
Potential publication bias was assessed by visual inspection of a funnel plot, and also evaluated using the Egger and Begg tests. 23 24 All analysis was carried out using Stata version 12.0 (StataCorp, College Station, TX). Two sided P<0.05 was considered statistically significant.
Patient involvement
No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for design or implementation of the study. No patients were asked to advise on interpretation or writing up of results. There are no plans to disseminate the results of the research to study participants or the relevant patient community. It was not evaluated whether the studies included in this review had any patient involvement.
Results

literature search
A total of 6461 related articles were identified by the initial search strategy. We removed 2764 studies because of duplications. After eligibility screening of the titles and abstracts, 3606 studies were excluded since they did not meet the inclusion criteria. We then carefully reviewed the full texts of the remaining 91 potentially eligible papers and chose eight randomised controlled trials for the final analysis. [9] [10] [11] [12] [13] [14] [15] [16] Figure 1 shows the study selection flowchart. Data from all eligible studies were obtained from published manuscripts. study characteristics A total of 4174 subjects from eight randomised controlled trials were included in this study. Of all the patients included, 2254 (54%) were PD-L1 positive, the other 1920 patients (46%) were PD-L1 negative. Table 1 shows the main characteristics of the eligible trials. All these studies were international, multicentre, randomised controlled trials funded by the pharmaceutical industry and published between 2015 and 2017. The number of patients recruited in these eligible trials ranged from 123 to 842. Conventional immunohistochemical test methods were used to examine the expressions of PD-L1 in all eight trials. The immunohistochemistry assay developers and antibody clones used in each study are shown in table 1.
Seven eligible studies were phase III studies, POPLAR was a phase II trial. 16 The phase III randomised controlled trials included in the study, as well as other trials, provided the fundamental evidence for the United States Food and Drug Administration to license these drugs. Four studies were conducted in patients with lung cancer, 9 11 15 16 and one each in renal cancer, 10 head and neck cancer, 12 melanoma, 13 and urothelial cancer. 14 All studies were performed in advanced or metastatic settings, and 1809 (43%) of 4174 patients had advanced or metastatic non-smallcell lung cancer. No randomised controlled trials using PD-1 or PD-L1 inhibitors in patients with early-stage cancer reported overall survival data based on PD-L1 expression status. Subjects in the intervention arm received nivolumab in four studies, [9] [10] [11] [12] pembrolizumab in two studies, 13 14 and atezolizumab in two studies. 15 16 PD-1 or PD-L1 blockade immunotherapy was used as second line or later treatment for most patients, and as first line treatment for some patients in the KEYNOTE-006 study. 13 Studies identi ed in search (n= ): PubMed Overall survival was the primary endpoint for all the eligible trials. Randomised treatment allocation sequences were generated in all studies. Randomisation stratified by PD-L1 expression was conducted in the KEYNOTE-006, 13 OAK, 15 and POPLAR studies. 16 The method quality of the included trials was generally moderate to good (see supplementary materials, supplementary table 1). The main issue affecting quality was lack of blinding because all trials were open labelled.
efficacy of PD-1 or PD-l1 inhibitors and PD-l1 expression status
Overall, patients that were PD-L1 positive and were treated with PD-1 or PD-L1 inhibitors as monotherapy had a significantly reduced risk of death compared with patients in the control groups (hazard ratio 0.66, 95% confidence interval 0.59 to 0.74, P<0.001) (see fig 2) . No substantial heterogeneity was observed among single-study estimates in patients that were PD-L1 positive (Q=3.7, P=0.81, I 2 =0.0%). Patients that were PD-L1 negative and were treated with PD-1 or PD-L1 inhibitors were also associated with a better overall survival compared with controls (hazard ratio 0.80, 95% confidence interval 0.71 to 0.90, P<0.001) (see fig 2) . Similarly, no substantial heterogeneity was observed among single-study estimates in patients that were PD-L1 negative (Q=5.5, P=0.61, I 2 =0.0%). The pooled estimate of the hazard ratio including both patients that were PD-L1 positive and PD-L1 negative was 0.72 (95% confidence interval 0.67 to 0.78, P<0.001). It should be noted that there was a significant difference in the efficacy of PD-1 or PD-L1 inhibitors between patients that were PD-L1 positive and PD-L1 negative, when compared with controls (P=0.02 for interaction). Figure 3 and figure 4 show the results of subgroup analyses. For subgroups including cancer histotype, method of randomised stratification, type of immunohistochemical scoring method, target of intervention agents, type of control group, and median follow-up duration, both patients that were PD-L1 positive and PD-L1 negative could benefit from PD-1 or PD-L1 blockade therapy. Partly owing to the limited number of patients involved, our data showed that the survival benefit from pembrolizumab treatment in patients that were PD-L1 negative was marginal. In all the selected subgroups, the magnitude of efficacy of PD-1 or PD-L1 inhibitors was greater for patients that were PD-L1 positive than for patients that were PD-L1 negative.
Publication bias
Visual inspection of the Begg funnel plot did not identify substantial asymmetry (supplementary materials, supplementary fig 1) . The Begg rank correlation test and Egger linear regression test also indicated no evidence of publication bias.
discussion
This study is the first meta-analysis focused on the association between PD-1 or PD-L1 inhibitors and long-term outcomes in patients with cancer that are PD-L1 positive and PD-L1 negative. With published data from eight high quality randomised controlled trials, for more than 4000 patients with five types of advanced solid tumours, our pooled analysis revealed that, compared with conventional therapy, PD-1 or PD-L1 blockade treatment decreased the risk of death by 34% in patients that were PD-L1 positive and by 20% in patients that were PD-L1 negative. Furthermore, these survival benefits were consistent across the selected subgroup analysis. Therefore, our study suggests that PD-1 or PD-L1 inhibitor therapy is a preferable to conventional therapy for treating patients that are PD-L1 positive and PD-L1 negative. Moreover, PD-L1 expression alone was not an adequate biomarker in patient selection for routine clinical practice in PD-1 or PD-L1 blockade therapy.
comparison with other studies Most of the previous studies examined the role of PD-L1 expression as a predictive biomarker rather than as a prognostic biomarker, 7 17 partly because only limited information regarding overall survival in patients that are PD-L1 negative is available. Even as a predictive biomarker for tumour responses, the role of PD-L1 remained controversial due to the existence of various antibody clones, positivity or negativity cut-offs, and sometimes the scoring system. It was revealed that clone SP142 bound to the cytoplasmic domain of PD-L1, while the clones 22C3, 28-8, and 25 Consequently, the positive rate using SP142 was lower than those obtained using clones 22C3, 28-8, and SP263 according to the Blueprint Working Group. 26 Additionally, in pembrolizumab trials, extensive biomarker research had been conducted in the KEYNOTE-001 study resulting in the identification of positivity for PD-L1 expression as 50%. 27 Moreover, 1%, 5%, and 10% were often applied as the cut-off values for the definition of PD-L1 positivity. In this study, to minimise these technique issues, only high quality multicentred randomised controlled trials were eligible for analysis. Furthermore, a very strict cut-off value (<1%) was set in the definition of PD-L1 negativity. This threshold meant that the expression of PD-L1 was almost undetectable in tumour samples. One of the most important unanswered questions in immunotherapy is whether PD-L1 is a prognostic biomarker for overall survival, which is the gold standard for therapeutic intervention in cancer. 28 Several previous studies revealed that favourable longterm outcomes can be achieved in patients that are PD-L1 negative. 8 10 18 However, because it was generally believed that the negative expression of PD-L1 was associated with weak or no pre-existing anticancer immunity, some clinicians and scientists tended to explain it by technical arguments including: limited PD-L1 negative tissues available; the expression of PD-L1 was evaluated in archival tissues, which might not reflect the PD-L1 status at the time of treatment; PD-L1 expression in tumours was not uniform, and sampling location may affect the results of PD-L1 staining; and different molecular mechanisms might involve PD-L1 expression in different tumour histology. In this study, a strength of our analysis is the quality of evidence available for use. Most data were obtained from phase III randomised controlled trials, and results are based on the well-defined endpoint of overall survival of about 2000 patients that were PD-L1 negative. Considering a relatively low number of patients that were PD-L1 negative were enrolled in each trial, the large number of patients is a crucial point to overcome the problem of inadequate power of individual trials, and to attenuate the potential impact of the dynamic expression of PD-L1. Our results revealed that PD-1 or PD-L1 inhibitors were associated with prolonged overall survival in patients that were PD-L1 negative. Furthermore, the relevance of our findings is strengthened by their consistency across all analysed subsets. The heterogeneities within 
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Fig 3 | subgroup analyses for overall survival in patients that are PD-l1 positive assigned to intervention treatment, compared with those assigned to control treatment each subgroup were not significant and supported our conclusions, although it cannot be excluded that insufficient statistical power might account for these results. In summary, we believe the favourable overall survival achieved in patients that were PD-L1 negative is because of the biological function of the PD-1 or PD-L1 pathway itself and the complicated interaction between cancer cells and the immune system.
Possible explanations
It is well established that the interaction between cancer and immunity is a dynamic process, different steps in this process by which tumour escape immune-surveillance are likely to be different for each patient. 3 29-31 Currently, the molecular association between PD-L1 expression and anti-tumour immunity is not fully understood. 2 Accumulating evidence has revealed that the expression of PD-L1 was regulated at transcriptional, post-transcriptional, and protein levels. 23 In clinical practice, conventional treatments such as chemotherapy and radiotherapy are also considered as potential regulators of PD-L1 expression as well as the anti-tumour immunity. 28 A recent study suggested that the PD-L1 inhibitor itself can increase the anti-tumour immunity though enhanced priming of new anticancer immune responses. 15 It was proposed that PD-L1 blockade reactivated rare tumour-reactive T cells, the resulting local cytokine secretion induced multiple positive feedback loops: the production of CXC chemokinescould promote T cell infiltration, 2 32 and the increased expression of components of the antigen presentation machinery could enhance visibility to tumour cells to T cells. 32 Accordingly, it seems more important to understand whether the PD-1 or PD-L1 pathway is active in the tumour rather than solely focusing on the expression of PD-L1. It is noted that a clearly positive benefit of immunotherapy in patients that were PD-L1 negative was obtained from three trials: CheckMate 017 (squamous-cell non-smallcell lung cancer), CheckMate 025 (kidney cancer), and OAK (non-small-cell lung cancer). These cancers are associated with higher mutational load (nonsynonymous single nucleotide variants or frequency of indel) and higher neoantigen load, 33 34 which potentially result in a higher likelihood of chance of response to PD-1 or PD-L1 inhibitors. In addition, PD-1 interacts with two ligands, PD-L1 and PD-L2. Although PD-L1 is the dominant ligand for PD-1, PD-L2 can compete with PD-L1 with two to sixfold higher affinity to PD-1 than PD-L1. 35 Unfortunately, the role of 
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Fig 4 | subgroup analyses for overall survival in patients that are PD-l1 negative assigned to intervention treatment, compared with those assigned to control treatment PD-L2 as a predictive or prognostic marker has not been evaluated. Given the heterogeneity in clinical response to PD-1 or PD-L1 inhibitors, a conceptual point of view summarised as "cancer immunogram" was introduced. 32 In this model, the outcome of PD-1 or PD-L1 blockade therapy was influenced not only by PD-L1 expression, but also by many unrelated characteristics including: the "foreignness" of the cancer; the immune status; the activity of the intra-tumoral T cell infiltrate; the presence of other inhibitory processes; and the sensitivity of cancer cells to T cells.
implications of findings
Our results have several clinical and research implications. Firstly, PD-1 or PD-L1 blockade therapy is a preferable treatment option even for patients that are PD-L1 negative. PD-1 or PD-L1 blockade immunotherapy has replaced conventional chemotherapy as the new standard second or later line treatment in many cancers in the past several years. [36] [37] [38] [39] Our results may potentially lead to an increasing administration of PD-1 or PD-L1 inhibitors in patients that are PD-L1 negative. Furthermore, considering that immunotherapy has an estimated cost of more than £234 000 (€258 000; $300 000) per quality adjusted life year, 6 the economic consequences are tremendous for patients, their families, and society. Secondly, it is known that multiple distinct diagnostic assays are needed for determining the expression of PD-L1 to guide therapy with different inhibitors, it creates a barrier for routine implementation of PD-L1 testing in the real world because of the impracticality of performing repeated examination of the same protein. Since our results here revealed that both patients that are PD-L1 positive and PD-L1 negative can benefit from PD-1 or PD-L1 inhibitors, the role of PD-L1 testing declines in clinical practice. Thirdly, in PD-1 or PD-L1 blockade immunotherapy, PD-L1 expression alone was not an adequate biomarker in patient selection for routine clinical practice. Future research should focus on improving the activity of PD-1 or PD-L1 pathway rather than PD-L1 expression. Moreover, treatment selection should consider the patient's clinical and pathological characteristics, treatment histories, and preferences.
weaknesses of this study
This study also has some limitations. Firstly, an optimal treatment strategy needed to maximise the benefit as well as minimise the risk of toxicities. Toxicity profile is another important factor in choosing therapy options. However, it was impossible to conduct such an analysis to deal with this issue here because all the information regarding adverse events from the included patients that were PD-L1 negative were unavailable. Secondly, although all the eligible studies conducted the randomisation process adequately, randomisations were stratified by PD-L1 expression in some trials, 13 15 16 an imbalance of patient characteristics between two treatment groups can still exist. However, it should be noted that there is no significant difference in terms of overall survival between studies in which patients are randomised according to PD-L1 expression and trials in which patients are not (see fig 3 and fig 4) . Thirdly, we carried out the present study at the trial level, no clinicopathological characteristics at individual level were examined. This might reduce our ability to test for associations between variables in specific subgroups. Fourthly, it should be noted that some subgroup analysis conducted in this study included only a few trials. It cannot be excluded that insufficient statistical power might account for the results obtained from these subgroup analyses. Accordingly, these results should be interpreted with caution. Fifthly, we examined subgroups of patients (ie, patients that were PD-L1 positive and PD-L1 negative) in the eligible eight randomised controlled trials. Although most studies provided a balance between intervention arms, subgroup analysis, by its nature, might introduce bias to our analysis.
Despite these limitations, this study is the largest meta-analysis that incorporates results from eight randomised controlled trials with over 4000 patients with cancer. conclusions PD-1 or PD-L1 inhibitors, compared with conventional agents, prolonged overall survival in both patients with advanced solid tumour that were PD-L1 positive and PD-L1 negative as second and later lines of treatment. We cannot recommend PD-L1 expression status as prognostic biomarker in patients' selection in PD-1 or PD-L1 blockade therapy. The finding of this meta-analysis could also assist in biomarker and drug development, economic analyses, and future clinical trial designs.
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